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LHC
physics

(experimental)

{ how we search 
for a new particle }

Marco Delmastro
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• How do wet search for a 
new particle?

• Higgs boson: discovery and 
measurement 

• Is there anything beyond the 
Standard Model?
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Lecture 2
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How to search
for a new particle

and (possibily) find it!



Interesting processes are rare!
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108 events/s

10-2 events/s ~ 
10 events/min

~1010

[mH ~ 125 GeV]

0.2% H à γγ
1.5% H à ZZ
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There is no Higgs-boson detector!
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e-

e+

μ-

μ+

this is what we are looking for…



Step 1: find events with the right ingredients
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We are looking for e+e-μ+μ-…

Is this event ok?



Step 1: find events with the right ingredients
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We are looking for e+e-μ+μ-…

What about this one?



Step 1: find events with the right ingredients
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We are looking for e+e-μ+μ-…

And this one?



Signal and background
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e-

e+

μ-

μ+

The final state is exactly the same, but it does 
not come from the particle you are looking for

Irreducible background

The final state looks like the same, but some f 
the particle fakes what you are looking for

Reducible background

e-
e+

μ-
μ+

μ-

μ+

fake e-

fake e+



Selections

• Cut on particle properties to 
reduce reducible background
ü Shower shapes, track 

properties, …

• Cut on event properties to 
distinguish signal from 
background
ü Particle kinematics, decay 

kinematics event shape, …

• Try to keep signal while 
reducing background! 
ü Increase S/B…
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Step 2: reconstruct properties of initial particle
• We have 4 particles…

ü … with their energy (calorimeters), charge and momentum (tracker)

• Use pairs of opposite sign e+e- and μ+μ-

• Reconstruct invariant mass from the 4 particles
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Extract signal from background
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Extract signal from background
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Events in real life do not 
come with a label!
No way to distinguish 
signal from background 
on an event-by-event 
base…



Extract signal from background
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background from 
“control regions”

is there an excess?
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Extract signal from background
• Background gets estimated…

ü … from simulation (normalized to data)
ü … directly from data (“control regions”, enriched in background events)
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How significant is an excess?
• p0: probability that the excess is due to a fluctuation of background
• Significance: 

• Convention:
• 3σ is an evidence (p0 = 0.27%)
• 5σ is a discovery (p0 = 5.7.10-7)
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How significant is an excess?
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Significance increase with data (and time!)
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CERN Auditorium, July 4th 2012

Month in Year
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Higgs
boson

discovery & properties



Standard Model Higgs decays
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• 1 Higgs every 10 s
• 1 Hàγγ every 1.5 h
• 1 HàZZà4ℓ( ℓ= e or μ) every 2 days
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Hàγγ



Hà4μ
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“Higgs-like” signals on July 4th 2012 (in ATLAS)
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Hàγγ Hà4l
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“Higgs-like” signals with all 7 and 8 TeV data…

Marco Delmastro (experimental) LHC physics 25

Hàγγ Hà4l
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“Higgs-like” signals with 13 TeV data…
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Hàγγ Hà4l
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Higgs production cross-section vs. c.o.m. energy

Marco Delmastro (experimental) LHC physics 27

[TeV] s
7 8 9 10 11 12 13

[p
b]

 
H

→
ppσ

0

20

40

60

80

100 ATLAS  Preliminary  = 125.09 GeVHm   H→ppσ
QCD scale uncertainty

)sα PDF+⊕(scale Total uncertainty 
γγ→H l4→*ZZ→H

combined data
systematic uncertainty

-1 = 7 TeV,  4.5 fbs
-1 = 8 TeV,  20.3 fbs
-1 = 13 TeV, 36.1 fbs



is it the 
Higgs 

boson?
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Spin!
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What’s a particle spin? 

“An amount of rotation
that is somehow 
quantized”

An electron has always 
an angular momentum of ½ ħ
either in its direction of travel (+½ ħ) 
or opposite to it (-½ ħ) ħ = 1.0545 × 10-34 m2 kg / s



What spin do particles have?
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What can a spin 0 particle decay to?
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What can a spin 1 particle decay to?
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What can a spin 2 particle decay to?
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So, what spin has our Higgs-like particle?
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How can we recognize spin?
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spin 0 spin 1 spin 2

Spin-0 decays in all directions with equal probability; spin-1 prefers decaying toward or away from the direction of spin; spin-2 
prefers the poles and the equator to the region in between. These pictures exaggerate the real distributions for clarity.



Spin with Hàγγ
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Spin with Hà4l (& combination)
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• Sensitive variables combined in BDT score
ü Intermediate boson masses: mZ1, mZ2

ü Z1 production angle: θ*
ü Z1 decay plane angle: Φ1

ü Angle between the Z1 and Z2 decay planes: Φ
ü Decay angles of negative leptons: θ1, θ2
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The Higgs boson or a Higgs boson?
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Beyond
the SM



Many unanswered questions…
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H
Higgs boson

2012: CERN

Why there are 3 families of 
particles? Are there more? Why is the top quark so heavy?

Are there 
more forces?

What keeps 
the Higgs mass 

so small?

How do 
neutrinos get 

mass?

Why there’s 
more matter 

then anti-
matter?

How do we 
incorporate gravity? 

What is 
Dark Matter?



… as many possible answers to probe!
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Any new theory 
need to agree 
with the SM! Large extra-

dimensions?
Black holes?
Gravitons?

Super-symmetry?

Composite 
quark and 
leptons?

New heavy 
bosons?

Dark Matter 
particles?

Extended 
Higgs sector?



Example: search for a new gauge bosons Zàll
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Hugely increased potential for discovery of heavy particles at 13 TeV
Perfect occasion for young motivated physicists: join the search!

It’s the right time to join!
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It’s the right time to join!
Hugely increased potential for discovery of heavy particles at 13 TeV
Perfect occasion for young motivated physicists: join the search!
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The LHC will run for a long time…
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Additional
information

Marco Delmastro (experimental) LHC physics 48

(I find you lack of faith disturbing)



Month in Year
Jan Apr Jul Oct

]-1
D

el
iv

er
ed

 L
um

in
os

ity
 [f

b

0

5

10

15

20

25

30

35
 = 7 TeVs2010 pp  
 = 7 TeVs2011 pp  
 = 8 TeVs2012 pp  

ATLAS Online Luminosity

 [GeV] HM
80 100 200 300 400 1000

 H
+X

) [p
b] 

   
→

(pp
 

σ

-210

-110

1

10

210
= 8 TeVs

LH
C 

HI
GG

S 
XS

 W
G 

20
12

 H (NNLO+NNLL QCD + NLO EW)

→pp 

 qqH (NNLO QCD + NLO EW)

→pp 

 WH (NNLO QCD + NLO EW)

→
pp 

 ZH (NNLO QCD +NLO EW)

→
pp 

 ttH (NLO QCD)

→pp 

Standard Model Higgs production at the LHC
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gluon fusion (ggF)

Vector-Boson-Fusion (VBF)

associated production (W, 
Z)

associated production (ttbar)

125

σ(125 GeV) = 22.3 pb

2 Higgs bosons @ 
mH 125 GeV produced 
at LHC in 2012 every 

1010 pp collisions 

21.7 fb-1 at 8 TeV
5.6 fb-1 at 7 TeV



Marco Delmastro (experimental) LHC physics 50

Model ℓ, γ Jets† Emiss
T

∫
L dt[fb−1] Limit Reference

E
xt

ra
d

im
e

n
si

o
n

s
G

a
u

g
e

b
o

so
n

s
C

I
D

M
L

Q
H

e
a
vy

q
u

a
rk

s
E

xc
ite

d
fe

rm
io

n
s

O
th

e
r

ADD GKK + g/q 0 e, µ 1 − 4 j Yes 36.1 n = 2 ATLAS-CONF-2017-0607.75 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO CERN-EP-2017-1328.6 TeVMS

ADD QBH − 2 j − 37.0 n = 6 1703.092178.9 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 36.7 k/MPl = 0.1 CERN-EP-2017-1324.1 TeVGKK mass

Bulk RS GKK →WW → qqℓν 1 e, µ 1 J Yes 36.1 k/MPl = 1.0 ATLAS-CONF-2017-0511.75 TeVGKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 3 j Yes 13.2 Tier (1,1), B(A(1,1) → tt) = 1 ATLAS-CONF-2016-1041.6 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 36.1 ATLAS-CONF-2017-0274.5 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 ATLAS-CONF-2017-0502.4 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 3.2 1603.087911.5 TeVZ′ mass

Leptophobic Z ′ → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 3.2 Γ/m = 3% ATLAS-CONF-2016-0142.0 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 36.1 1706.047865.1 TeVW′ mass

HVT V ′ →WV → qqqq model B 0 e, µ 2 J − 36.7 gV = 3 CERN-EP-2017-1473.5 TeVV′ mass

HVT V ′ →WH/ZH model B multi-channel 36.1 gV = 3 ATLAS-CONF-2017-0552.93 TeVV′ mass

LRSM W ′
R
→ tb 1 e, µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass

LRSM W ′
R
→ tb 0 e, µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 37.0 η−LL 1703.0921721.8 TeVΛ

CI ℓℓqq 2 e, µ − − 36.1 η−LL ATLAS-CONF-2017-02740.1 TeVΛ

CI uutt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 20.3 |CRR | = 1 1504.046054.9 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 gq=0.25, gχ=1.0, m(χ) < 400 GeV ATLAS-CONF-2017-0601.5 TeVmmed

Vector mediator (Dirac DM) 0 e, µ, 1 γ ≤ 1 j Yes 36.1 gq=0.25, gχ=1.0, m(χ) < 480 GeV 1704.038481.2 TeVmmed

VVχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV 1608.02372700 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 1605.060351.1 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht + X 0 or 1 e, µ ≥ 2 b, ≥ 3 j Yes 13.2 B(T → Ht) = 1 ATLAS-CONF-2016-1041.2 TeVT mass

VLQ TT → Zt + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 36.1 B(T → Zt) = 1 1705.107511.16 TeVT mass

VLQ TT →Wb + X 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 B(T →Wb) = 1 CERN-EP-2017-0941.35 TeVT mass

VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 B(B → Hb) = 1 1505.04306700 GeVB mass

VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B(B → Zb) = 1 1409.5500790 GeVB mass

VLQ BB →Wt + X 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 B(B →Wt) = 1 CERN-EP-2017-0941.25 TeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

Excited quark q∗ → qg − 2 j − 37.0 only u∗ and d∗, Λ = m(q∗) 1703.091276.0 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) CERN-EP-2017-1485.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 13.3 ATLAS-CONF-2016-0602.3 TeVb∗ mass

Excited quark b∗ →Wt 1 or 2 e, µ 1 b, 2-0 j Yes 20.3 fg = fL = fR = 1 1510.026641.5 TeVb∗ mass

Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass

Higgs triplet H±± → ℓℓ 2,3,4 e,µ (SS) − − 36.1 DY production ATLAS-CONF-2017-053870 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, B(H±±
L
→ ℓτ) = 1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits
Status: July 2017

ATLAS Preliminary∫
L dt = (3.2 – 37.0) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

†Small-radius (large-radius) jets are denoted by the letter j (J).
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